Vinylcycloalkanes with 12-, 15-, and 21-membered rings were synthesized from commercially available cycloalkanones or cycloalkyl carboxylic acids derived from malonate and ω-bromo-α-alkenes. Pd complexes with diimine ligands promoted the isomerization polymerization of vinylcycloalkanes with 15-and 21-membered rings to afford polymers having cycloalkylene groups in the main chain. Vinylcycloheneicosane with a 21-membered ring afforded polymers with M n up to 9700, whereas vinylcycloalkanes with smaller ring sizes (8-and 12-membered rings) yielded oligomers with M n = 720-1600.
Introduction
Polyolefins with cycloalkylene groups have attracted substantial attention because their optical and/or mechanical properties are different from those of polyolefins without cyclic groups [1] . Polyolefins with cyclopentylene or cyclohexylene groups on the main chain are commonly synthesized by the ring-opening metathesis polymerization of bicycloolefins, such as norbornene, followed by hydrogenation of the C=C double bond in the polymer (Scheme 1 (i)) [2] [3] [4] [5] . The cyclopolymerization of nonconjugated dienes is another method for synthesizing polyolefins with cycloalkane groups (Scheme 1 (ii)) [6] . The cyclopolymerizations of 1,5hexadiene and 1,6-heptadiene allow the synthesis of polyolefins with 5-or 6-membered cycloalkylene rings [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The cyclopolymerization of 1,7-octadiene affords polyolefins composed of 7-membered cycloalkylene groups and acyclic repeating units with an unreacted C=C double bond [22] . Polyolefins with cycloalkylene groups can also be prepared by the cyclocopolymerization of dienes with ethylene (Scheme 1 (iii)). Generally, the cyclocopolymerization of ethylene with 1,3-butadiene affords polyolefins with 3-, 5-, or 6-membered rings, depending on the catalyst used [23] [24] [25] [26] [27] . The polyolefin obtained by the cyclocopolymerization of ethylene with 1,7-octadiene contains 9-membered cycloalkylene groups [28] [29] [30] [31] . Polyolefins contain cyclic units with larger ring sizes are difficult to synthesize because cyclopolymerization or cyclocopolymerization of nonconjugated dienes with an oligomethylene spacer longer than C5 are unfavorable [28, 32, 33] .
The copolymerization of ethylene with cycloolefins (Scheme 1 (iv)) [34] [35] [36] and addition polymerization of vinylcycloalkanes (Scheme 1 (v)) [37] [38] [39] [40] allow the synthesis of polyolefins with cycloalkylene groups in the main chain and those with cycloalkyl groups as side chains, respectively. The former polymerization is suitable for monomers with rings with fewer than 6 members. Examples of addition polymerizations of monomers having cycloalkyl groups with larger than 7-membered rings are limited, probably due to the steric hindrance of the cycloalkyl group. Thus, examples of polycyclic polyolefins with large rings (over 10-membered rings) are very limited, although there have been a considerable number of polycyclic polymers prepared from nonolefinic monomers [41] [42] [43] [44] .
Recently, we reported that diimine Pd complexes promote the isomerization polymerization of alkenylcyclohexanes to afford polymers composed of alternating transcyclohexane-1,4-diyl rings and oligomethylene spacers with high selectivity (Scheme 1 (vi)) [45] [46] [47] . This isomerization polymerization is in stark contrast to the polymerizations of alkenylcyclohexanes with conventional catalysts, in which the cyclohexyl groups are introduced as side chains. Herein, we report that a diimine Pd complex catalyzes the isomerization polymerization of vinylcycloalkanes with 8-to 21-membered rings and yields polycyclic polyolefins with cycloalkane groups on the main chain of the polymer.
Experimental procedure
General All reactions were carried out under nitrogen or argon using standard Schlenk techniques. Vinylcyclooctane and CH 2 Cl 2 were distilled from CaH 2 under nitrogen or argon. Diimine ligands [48] , PdCl(Me)(diimine) [49] [50] [51] and NaBArF (BArF=B[(C 6 H 3 )(CF 3 ) 2 -3,5] 4 ) [52] [53] [54] were prepared according to the reported procedures. Details of the synthetic procedures for preparing the vinylcycloalkanes are shown in the supporting information. NMR ( 1 H and 13 C) spectra were recorded on a Bruker MERCURY 300, a Scheme 1 Synthetic procedures for preparing polycyclic polyolefins biospin-ADVANCE III (400 MHz), or a Bruker biospin-ADVANCE III HD (500 MHz) spectrometer. The signals were referenced to CHCl 3 (δ 7.26) in CDCl 3 or C 2 HXCl 4 (X = H, D; δ 5.91) in C 2 D 2 Cl 4 for 1 H and CDCl 3 (δ 77.0) or C 2 D 2 Cl 4 (δ 74.2) for 13 C. Gel permeation chromatography (GPC) measurements were performed at 40°C on a TOSOH HLC-8020 instrument equipped with a differential refractometer detector and a variable wavelength UV-vis detector using THF as the eluent at a flow rate of 0.6 mL min −1 with TSKgel Super HM-L and Super HM-M columns. DSC curves was recorded on Seiko DSC6200R instruments.
Polymerization of vinylcycloalkanes
Typically, to a 25-mL Schlenk flask containing a CH 2 Cl 2 solution (1.5 mL) of Pd complex 1 (0.010 mmol, 4.8 mg) was added NaBArF (0.012 mmol, 10.6 mg) under Ar. After stirring for several minutes, the vinylcycloalkane and naphthalene (inner standard) were added, and the reaction mixture was stirred at room temperature or 0°C. A small portion of the reaction mixture was removed from the flask and subjected to 1 H NMR and GPC analyses to evaluate the conversion of the monomer and the molecular weight of the Scheme 2 Synthetic routes to vinylcycloalkanes polymer. The mixture was poured into methanol to precipitate the produced polymer.
Results and discussion

Synthesis of vinylcycloalkanes
Vinylcycloalkanes with 12-and 15-membered rings, vinylcyclododecane (VC12) and vinylcyclopentadecane (VC15), were synthesized from the corresponding cyclic ketones, which are commercially available (Scheme 2 (i)). The Horner-Wadsworth-Emmons reactions of the cyclic ketones with triethyl phosphonoacetate and NaH afforded the corresponding α,β-unsaturated esters. The product also contained β,γ-unsaturated esters (α,β-:β,γ-= 1:1.4 for cyclodopentadecane, and 1:1.3 for cyclododecane), but the mixtures were used in the next reaction without purification. The unsaturated esters were reduced by iBu 2 AlH, and the produced alcohols were converted to carbonates using methyl chloroformate in the presence of pyridine. Finally, the unsaturated carbonates were treated with formic acid in the presence of a Pd catalyst to give the corresponding vinylcycloalkanes [55, 56] . The overall yields of the vinylcycloalkanes are 8-21%. The major reason for the low yields is the isomerized byproduct in the Horner-Wadsworth-Emmons reaction.
The vinylcycloalkanes could also be synthesized in three steps starting from the cycloalkanone (Scheme 2 (ii)). First, the cycloalkanone was reacted with p-toluenesulfonylmethyl isocyanide to form the cyanocycloalkane [57] , which was reduced with iBu 2 AlH to give the cycloalkane carboxaldehyde. Finally, the Wittig reaction of the cycloalkane carboxaldehyde affords the vinylcycloalkane. Although the yield of the final Wittig reaction is somewhat low (32%), this three-step route afford the vinylcycloalkane in an overall yield of 20%.
Vinylcycloheneicosane (VC21), which has a 21membered ring, was synthesized in eight steps (Scheme 2 (iii)). Di-tert-butyl bis(10-undecenyl)malonate, which was obtained by the reaction of di-tert-butyl malonate with 11bromo-1-undececne in the presence of NaH, was subjected to ring-closing metathesis reaction with the 1st generation Grubbs catalyst to give 12,12-bis(tert-butoxycarbonyl) cycloheneicosene. After hydrogenation, hydrolysis, and decarboxylation, the produced cycloheneicosyl carboxylic acid was converted to cycloheneicosyl carboxaldehyde. The Wittig reaction of cycloheneicosyl carboxaldehyde affords vinylcycloheneicosane in a low yield. The yield of vinylcycloheneicosane could be slightly improved by using Cp 2 TiMe 2 (Petasis reagent) as the methylating agent.
Polymerization of vinylcycloalkanes
Three kinds of Pd complexes, having either 1,2-dimethylethane-1,2-diimine (1) or acenaphthene-1,2-diimine (2,3) structures with N-(2,4,6-trimethylphenyl) (1, 2) or N-(2,6diisopropylphenyl) (3) groups, were tested as catalysts for the polymerization (Fig. 1) . The polymerization of vinylcycloheneicosane (VC21) catalyzed by 1/NaBArF (VC21/1 = 20) at 0°C reached quantitative conversion after 80 h to afford an oily polymer (Fig. 1 , eq. 1) ( Table 1 ). The molecular weight of the polymer was estimated to be M n = 9700 and M w /M n = 2.1 (Table 1, run 1). Complexes 2 and 3 also promoted the polymerization of VC21, but the molecular weights of the produced polymer were lower than that obtained with catalyst 1 (M n = 2440 and 1570, respectively) (runs 2, 3). The polymerization of VC21 with 2 at r.t. proceeded faster than that at 0°C but produced polymers with lower molecular weights (runs 2 and 4). The polymers obtained from VC21/1 = 40 and 80, in spite of the increased monomer-to-initiator ratio, had lower molecular weights (M n = 3100-3700) than that obtained at VC21/1 = 20 (M n = 9700) (runs 5, 6). The 13 C{ 1 H} NMR spectrum of poly(VC21) in C 2 D 2 Cl 4 at 130°C showed 6 carbon signals in the region of δ 26-34 ( Fig. 2 (i) ). The CH 2 and CH carbon signals at δ 32.4 and 38.0 were assigned to the bridging ethylene group and the branch point of the cycloheneicosylene ring, respectively. Fig. 3 a DSC curves of poly(VC21) (2nd heating, heating rate: 10°C min −1 , the sample was preheated at 200°C for 10 min and cooled to −100°C at a cooling rate of −20°C min −1 ). b Relationship between the degree of branching and the melting point of polyethylene (blue, triangles from ref. [59] , circles from ref. [60] ) and poly(VC21) (red squares)
The NMR results did not provide details about the number of (CH 2 ) z and (CH 2 ) w groups in Fig. 2 . DSC analysis of poly(VC21) showed two phase transitions at −48 and −41°C (Fig. 3a) , and either transition could be due to the melting point. Figure 3b shows the relationship between the degree of branching in the branched polyethylenes and their melting point. The expected degree of branching of poly(VC21) is 87 branches/1000 carbons. Branched polyethylenes with similar degrees of branching (82-92 branches/1000 carbons) show melting points of 23-71°C [58] [59] [60] , which are much higher than that of poly(VC21). The low melting point of the polymer in this study is attributed to the fact that the rings should limit the ordered alignment of the polymer.
The polymerization of vinylcyclopentadecane (VC15) catalyzed by 1/NaBArF (VC15/1 = 40) proceeded at 0°C (Table 1, run 7) . A reaction time of 48 h led to complete monomer consumption and afforded an oily polymer with M n = 4000 and M w /M n = 1.5 (Table 1, run 7) . Conducting the reaction at r.t. decreased the conversion of the monomer, and the molecular weight of the produced polymer was lower (77% conversion after 48 h, M n = 3000, M w /M n = 1.4) ( Table 1 , run 8). Pd complex 2, with an acenaphthene backbone, also promoted the polymerization of VC15 at r.t., but the molecular weight of the produced polymer (M n = 2400, M w /M n = 1.2) was even lower than that obtained with 1 ( Table 1 , run 9). The formation of a higher molecular weight polymer by 1/NaBArF is in line with the polymerization of VC21. The 13 C{ 1 H} NMR spectrum of the produced poly(VC15) showed CH 2 and CH carbon signals at δ 33.6 and 37.6, respectively, which were assigned to the linked and branched groups of the polymer (Fig. 2 (ii) ).
Unlike VC21 and VC15, the reaction of vinylcyclododecane (VC12), bearing a 12-membered ring, catalyzed by 1 and NaBArF at 0°C or r.t. afforded a polymer with a much lower molecular weight (M n = 1300-1600) ( Table 1 , runs 10, 11). Vinylcyclooctane (VC8) was also subjected to Pd-catalyzed polymerization. The reaction of vinylcyclooctane with 1 or 2/NaBArF also afforded low-molecularweight oily products (M n = 720-1500). The 1 H NMR spectrum of the oligomer showed a signal from the inner olefin at δ 5.64 ( Fig. S-13 ). Comparison with the chemical shifts of model compounds indicates the absence of 1-, 2cyclooctenyl or cyclooctylidene terminal groups in the produced oligomer. Thus, the chain transfer reaction takes place more frequently in the polymerization of vinylcyclooctane to predominantly form the 4-(and 3-) cyclooctenyl termini. Scheme 3 shows the mechanism of the polymerization of vinylcycloalkanes based on the above results. Cycloalkyl Pd intermediate A is the growing species of the polymerization. Coordination and selective 2,1-insertion of the vinylcycloalkane into the Pd-CH bond of A takes place, followed by chain-walking of the Pd center along the cycloalkane ring to afford the intermediate. The insertion of the olefin into the Pd-CH bond is much less favored than insertion into the Pd-CH 2 bond, as demonstrated in the polymerization of α-olefins [61] . Because the cycloalkane structure lacks a terminal alkyl group, the intermediate with a Pd-CH 2 bond cannot be formed via chain-walking. Thus, the insertion of the monomer into the Pd-CH bond eventually occurs, although it is less favored in olefin polymerization. The regioselectivity of ring carbon that undergoes insertion of the olefinic group of the new monomer is not specified, although the isomerization of vinylcyclohexane causes insertion to occur at the carbon opposite the substituted carbon. The ring size of the cycloalkane is essential for smooth chain growth. Mediumsized cycloalkanes (8-to 12-membered rings) have been reported to have more strain than cycloalkanes with larger ring sizes (ring sizes over 12) [62] . For medium-sized cycloalkanes, because of their larger strain, β-hydrogen elimination is favored over the reinsertion of the thusformed cycloalkene into the Pd-H bond, which leads to chain transfer reactions, giving low-molecular-weight oligomers.
Summary
Vinylcycloalkanes with 8-to 21-membered rings undergo isomerization polymerization in the presence of a Pd catalyst. The vinylcycloalkanes with larger rings afford polymers with M n up to 9700. The produced polymers are polycyclic and show much lower melting points than those of branched acyclic polyolefins with similar degrees of branching.
